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1. Introduction 
Considerable data has now been accumulated on the f ea s ib i l i t y  of an 80-85% high power 
klystron design from previous studies. The 'most 1 i kely compact configuration to  
real ize  both high efficiency and high gain (%40 dB) i s  a 5-6 cavity design focused by 
an electromagnet. A refocussing section w i  11 probably be required f c r  e f f i c i en t  
depressed co l lec to r  operation, An out1 ine of a potential klystron configuration i s  
given in Figure 1. The selected power output of 70 kW CW resulted from a maximum 
assumed operating voltage of 10 kV. The basic klystron efficiency cannot be expected 
t o  exceed 70-75% without collector depression. Although impressive gains have been 
achieved in  ra is ing the basic efficiency from 50% t o  70% o r  so w i t h  a mu1 ti-stag2 
col lector ,  the estimated efficiency improvement due 'to 5-stage col lector  a t  the 75% 
level i s  only about 8%, result ing i n  an overall efficiency of about 83%. These e s t i -  
mates need t o  be verified by experiment, since the velocity dis t r ibut ion of the spent 
klystron beam entering the col lector  i s  not precisely known, I t  appears t ha t  the net  
benefit of a 5-stage col lector  over a 2-stage col lector  i s  between 1.5 - 3.5 kW per 
tube. This has the double benefit of l e ss  e lec t r i ca l  power t o  be supplied as well as 
l ess  thermal power in the col lector  t o  be dissipated, Table 1 indicates an estimated 
energy balance in the klystron which leads t o  the above estimates. A modulating anode 
i s  incorporated in the design to  enable rapid shutoff of the beam current i n  case the 
r . f ,  drive should be removed. In t h i s  case, the col lector  would become overheated 
since i t  would receive the fu l l  beam power. 
2, Depressed Collector Design 
One of the greater  uncertainties i n  the design i s  the velocity dis t r ibut ion of 
electrons in the output gap, par t icular ly  f o r  a high basic efficiency tube. Experi- 
mental ver i f icat ion will be required fo r  the selection of proper depressed voltages 
a t  each col lect ing electrode. Varian has reported tha t  about 10% of the electrons 
develop twice the d,c. beam voltage i n  a  50% e f f i c i en t  tube. We estimate tha t  th i s  
wi l l  be reduced to perhaps 2% for  an 80-85% e f f i c i en t  tube. To obtain i n i t i a l  
specifications fo r  the col lector  supply, an estfmate was made of the possible voltage 
ra t ios  required, as indicated i n  Figure 2. 
3. Voltage Regulation 
The requirements on the modulating anode and body voltage are dictated primarily by 
phase flucuations. A t  40 k v ,  4 2 3000 O and a t  41 kv ,  t h i s  calculation yields 297Z0. 
Thus, d+/& = -370 per kv. I f  a lo0 phase e r ro r  were allowable in the klystron, t h i s  
would t rans la te  into a regulation requirement of +,67% a t  40 k v ,  provided tha t  klystron- 
to-klystron phase errors  are  not correlated.  A1 tFough i t  i s  1 i kely t ha t  voltage f luc-  
tuations on a1 1 klystrons on a given d.c. - d.c. converter w i  11 go u p  and down together, 
the time delays i n  d is t r ibut ion,  of the order of fractions of microseconds, will make 
them appezr as  though they were uncorrelated a t  a given ins tant  a t  a l l  klystron termi- 
nals. With t h i s  in  mind, the i n i t i a l  regulation requirement on zhe modulating anode 
and body supply was s e t  a t  0.5%. Since i t  i s  contemplated t o  include the klystron 
in a phase compensation loop, i t  may be possible to  relax t h i s  requirement when the 
loop performance !s verified.  
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4, Electron Beam Focusing Design 
The focusing options fo r  the klystron inc7ude: ( 1 )  solenoid ElectroMagnetic (EM) 
focusing, ( 2 )  Maltiple-pole electromagnetic focusing with periodic f i e l d  reversals,  
introducing the possibi l i ty  of Permanent Magnet (PM) implementation, ( 3 )  Periodic 
Permanent Magnet (PPM) focusing used successfully on low and medium power tubes 
(mostly TWT's); and 4 )  Combined PM/PPM focusing wherein the PM section a t  the 
output i s  used t o  re ta in  good efficiency and good collimation in the high power 
r e f ,  region. The low r i sk  approach of (1 ) was recommended i n  order t o  achieve 
the highest efficiency, but R&D e f fo r t s  in a combined PM/PPM approach should be 
investigated fo r  possible 1 a t e r  incorporation. 
In o rder . to  achieve a conservative design, we have i n i t i a l l y  selected a capabil i ty 
of achieving 1,000 Gauss in the solenoid when operating a t  3000C. Selecting a 
minimum ID dimension compatible 'with d i rec t ly  winding the soienoid on the tube 
involves a trade study of the required solenoid power and weight as a function of 
solenoid OD. Figure 3 shows the trade of solenoid power and weight w i t h  coil OD. 
I t  i s  anticipated tha t  the solenoid will consist  of copper sheet w i t h  g lass- l ike  
insulation between layers,  wound direct ly  on the tube body. With factory adjusted 
cavity tuning, there will be no protruding tuners. I t  i s  possible t ha t  the sole- 
noid may be used fo r  baking out the tube in space. 
As a matter of in te res t ,  the performance parameters of a 50 KW PI.! focused klystron 
were estimated in Table 2. With the design assumptions postulated, i t  does not 
appear t o  offer  any advantages over an e f f i c i en t l y  focused solenoid design. 
5. Design Approach to  Long Life 
The objective of SPS i s  the achievement of 30 year l i f e  and since the main component 
of the MPTS system i s  the r e f .  transmitter,  i t s  consideration i s  of paramount impor- 
tance. The major transmitter elements which contribute to  l i f e  are summarized in  
Table 3 .  The achievement of uniform tube-to-tube performance will require s t r ingent  
materials control ,  well defined construction techniques, and special design features 
such as temperature compensated cavity frequency control ,  
An i n i t i a l  r i sk  assessment of the unknowns on the space environment have led us to  
favor a closed envelope approach as a reference design. Some of the concerns with 
open envelope operation near the Shuttle vehicle deal with outgassing from non- 
metal 1 i c  skin of heavy molecules and absorbed vo la t i l e  species: cabin leaks (oxygen); 
fuel cel l f lash evzporators (water vapor) ; Vernier control rocket engine exhaust; and 
main rocket engine ou t~as s ing  (water vapor). The degree to  which such contaminants 
can be 1 ocal i zed, and the pumpi ng speed of space, e tc . ,  have ye t  to  be determined. 
The NASA objective of 30 year 7 i f e ,  in the 1 ight of current experience and understanding, 
thus has to be based on the following phased approach: 
Conservative Design: 
Emission; R.F, , Thermal and Stress:  Derating 
Determination of Appropriate Manufacturing Procedures 
Adequate Protective Features 
Modulating Anode 
System Monitoring Requirements 
5,2 Tube MTSF Considerations 
Ideal iy ,  a f a i l u r e  model of the transmitter would be desired, in which no 
fa i lu res  occurred unti l  wearout mechanisms s e t  in;  i .e.,  avoidance of ear ly  
mortality. To some degree t h i s  can be achieved by a burn-in procedure t o  
identify and remove infant mortality victims. I t  i s  anticipated tha t  w j t h  
the reference design tube, par t ia l  or f u l l  bakeout in space will be feas ible ,  
avoiding the need t o  perform costly burn-in on the ground. Also, with mass 
production, automated manufacture, good qua1 i ty  control ,  and maintenance, 
infant mortality can be minimized. 
With rougly N = 100,000 tubes, i f  a maximum of 2% of a l l  klystrons are  
allowed to f a i l  a t  scheduled SPS shutdown, (every 6 months), the required 
tube MTBF would be approximately 
(.02N) (Tube MTBF) = 6 months - .5 years; i . e , ,  MTBF = (50)(.5) = 25 years,  
N 
This i s  compatible with the reference klystron design; however, a more refined 
r e l i a b i l i t y  model needs to  be developed, of which the exponential f a i l u r e  model 
i s  b u t  one case corresponding to  a constant f a i l u r e  rate.  With proper burn-in 
procedures, and as bet ter  understanding of fa i lu re  modes i s  developed, the SPS 
klystron may require a much lower MTBF t o  meetthe above c r i t e r i a .  With a proper 
burn-in period, infant mortality fa i lu res  can be avoided and fa i lu res  shif ted 
toward cathode wearout l imitations.  The required burn-in period fo r  current 
space qualif ied TWTts i s  of the order of 1,500 hours. Further understanding of 
the required tube MTBF under these conditions will evolve with the ground based 
devel o~ment program imp1 ementation, 
6. Klystron Tube Frotection 
The tube interacts  with the subarray through the waveguide feed system, The 
primary requirement i s  maintenance of a good r.f,  match under a l l  conditions. 
During i n i t i a l  processing or i f  mismatched, e i the r  external or internal arcing 
may occur. Cornmercial waveguide components are available to  visually detect  
arcs and use a t r igger  signal to disconnect the tube rapidly, in t h i s  case by 
connecting the modulating anode t o  cathode, This can occur in much l e s s  than 
1 vsec, adequate to  prevent damage. 
With loss  of r . f .  drive,  the en t i re  electron beam power appears a t  the col lector ,  
The conventional klystron i s  designed t o  handle t h i s  power. In our case, the 
col lector  i s  designed t o  handle only the spent electron beam a f t e r  normal r . f ,  
interaction.  If the loss  of r e f .  drive i s  sensed a t  the klystron i n p u t ,  the 
modulation-anode power supply will be used to  shut off the electron beam, 
The most l ike ly  region of dc arcing i s  between cathode s t ructure  and modulation- 
anode and between the modulating anode and the r . f ,  c i r cu i t .  In the event of an 
arc ,  the energy stored in the modulation-anode power supply RC - c i r cu i t  i s  discharged, 
Ordinarily the arc extinguishes a f t e r  a brief interval and normal tube performance 
i s  restored a~ tor~ ia t i ca l ly .  Should some unknown f au l t  cause pers is tent  non-clearing 
arcing, a rc  logic could be designed to  sense repeated loss  of r , f .  output and to  
shut down the modulation-anode power supply, 
Adequate Test Program on Ground 
Failure Mode ident i f icat ion 
Infant Mortality Elimination - B u r n - i n  
Understanding of Space Environment 
Processing i n  Space 
Open Envelope Opera ti on 
Definition of Maintenance Philosophy 
A1 lowable Down Time 
In-place Repair Feasibi l i ty  
Development of Improved MTBF Analytical Model 
Space Test Verification 
There a re  promising developments i n  t ransmitter 1 i f e  which lend sofile c red ib i l i ty  
to  the 30 year l i f e  objective. For instance, the best ten high power klystrons 
running on the BMEWS system have seen 9 years of l i f e  and are s t i l l  running. 
With proper burn-in procedures, current space based TWT's are being qualif ied fo r  
7 years l i f e .  Over 100 such tubes currently in space have been running fo r  well 
over 2 years. I t  i s  our expectation tha t  within the SPS development time-frame, 
tube MTBF's approaching 30 years with the suggested design approach will  be feasible.  
I t  is important t o  recognize t ha t  s ignif icant  l i f e  t e s t  programs on the  ground will 
be required not only fo r  cathodes, b u t  the en t i re  r e f .  envelope. 
5.1 Cathode Design 
The mechanisms limitingthermionic cathode l i f e  are  primarily evaporation ra te  of 
the cathode material, cathode matrix properties,  and impurities, The cathode-tube 
interaction i s  paramount in realizing long l i f e ,  regardless of how good the cathode 
may t e  in a diode t e s t .  The approach t o  real ize  30 year l i f e  must be based on 
minimizing tube-cathode interactions through conservative design, good beam focusing 
and proper selection of materials to  minimize poisoning gases produced by electron 
bombardment. The most l ikely  candidates, based on present knowledge, are e i t he r  a 
tungsten matrix cathode operating a t  a temperature of s l igh t ly  above lOOOOC o r  a 
nickel matrix cathode operating a t  about 800°C. The lower temperature wouid be 
preferable from the l i f e  paint of view but factors such as migration and react i -  
vation f ea s ib i l i t y  tend to favor the higher temperature cathode. O u r  current 
assessment, based on discussions with the tube industry suggests tha t  i t  would 
probably be unwise to  u t i l i z e  some of the newer cathodes unti l  su f f ic ien t  l i f e  
t e s t  data has been accumulated. Encouragement with respect to  long l i f e  in 
ttiermionic cathodes can be derived from the work a t  Bell Telephone Laboratories 
on the so-called Coated Powder Cathode (CPS), which i s  in use on long 1 i f e  repeaters,  
capable of 50,000 holirs l i f e  a t  current densi t ies  approaching 1 amp/cin2, much higher 
than those proposed fo r  the SPS Klystron (< .2  amps/cm~). 
P e r s i s t e n t  repea ted  nonclearing r f  a r c ing  i n  t h e  k lys t ron  r f  load o r  ou tput  s:/s-lem 
may r e s u l t  i n  tube damage. The r f  a r c  l o g i c  pro tec t ion  c i r c u i t  i s  designed t.o 
sense r e f l e c t e d  r f  power caused by t h e  a r c ing  and t o  shut  down the  modulation- 
anode power supply pending co r r ec t ion  of  t h e  problem. 
7. Operation Under Reduced Voltage 
One advantage o f  t h e  k lys t ron  i s  t h e  f a c t  t h a t  e f f i c i e n c y  does not  d e t e r i o r a t e  
s i g n i f i c a n t l y  with vol tage .  The e f f e c t  o f  s o l a r  c e l l  vol tage degradat ion on 
k lys t ron  p,or.ier ou tput  i s  ind ica ted  i n  Figure 4 f o r  t h e  condi t ion  t h a t  t h e  k lys t ron  
c h a r a c t e r i s t i c s  remain on t h e  V-I port ion o f  t h e  s o l a r  c e l l s  corresponding t o  
maximum d.c. ou tput .  This condi t ion  can only  be achieved i f  t h e  perveance o f  t he  
tube i s  s l i g h t l y  changed. I f  t he  modulating anode i s  nounted on a  diaphragn,  such 
an adjustment could be made. This f e a t u r e  would a l s o  be useful f o r  adjustment o f  
tube-to-tube uniformity.  I t  i s  seen t h a t  i f  t he  s o l a r  c e l l s  a r e  not  re furb ished ,  
t h e  e f f i c i e n c y  remains high, but t h e  power output  drops s i g n i f i c a n t l y .  On t h i s  
bas i s ,  i t  was decided t o  r e fu rb i sh  s o l a r  c e l l s  and not  r e q u i r e  t h e  t r ansmi t t e r  
t o  a d j u s t  perveance f o r  s o l a r  c e l l  optima1 matching. 
8. Klystror, Power Output Trade Study 
The re ference  k lys t ron  represents  an i n i t i a l  po in t  design within t h e  given NASA 
gu ide l ines .  I t  i s  intended pr imar i ly  a s  a  vehic le  t o  d2r:onstrate i t s  po t en t i a l  
i n  t h e  SPS a p p l i c a t i o n .  I f  t h e  opera t ing  vol tage  a t  GEO can be increased t o  a 
value above 40  kv o t h e r  k lys t ron  power l e v e l s  become of i n t e r e s t .  
One o f  t he  advantages of  t h e  l i n e a r  beam ampl i f i e r  such a s  a  k lys t ron  i s  t h e  f a c t  
t h a t  t h e  d i f f e r e n t  i n t e r a c t i o n  reg ions ,  i  . e . ,  bean formation,  r . i .  i n t e r a c t i o n ,  and 
beam c o l l e c t i o n  a r e  phys ica l ly  s epa ra t e  and hence d i s t r i b u t e  t h e  therna l  s t r e s s e s  
over a  !arge a r ea .  The most c r i t i c a l  por t ion  of  t h e  klyztron from t h e  thermal poin t  
i s  t h e  ou tpu t  gap. The output  gap in t e r cep t ion  fo r  two typica l  values o f  beam 
transmission (952 and 98%) i s  ind ica ted  i n  Figure 5.  The c a p a b i l i t y  o f  t h e  cu tput  
gap t o  handle t h i s  i n t e r cep t ion  i s  given f o r  two values of hea t  r e j e c t i o n  c a p i b i l i t y :  
0.25 and 0.5 kw/cn2 o f  a r e a .  This could be e i t h e r  heat  pipe cooling o r  pumped f l u i d  
cocl i  nq. 
- 
2 I t  i s  seen t h a t  f o r  a  4 2  beam in t e r cep t ion  and W = 0.25 kw/cm , t h e  maximum team 
voltage i s  about  67 kv, corresponding t o  a  power l eve l  in  excess of  200 kw. I f  t h e  
perveance were increased from S = 0.3 t o  0 .5  x 10-6, s t i l l  within t he  regime of  
p o t e n t i a l l y  high e f f i c i e n c y ,  t h i s  power l eve l  would correspond t o  580 kw.  This has 
encouraged us t o  i n v e s t i g a t e  two addi t iona l  po in t  des igns ,  a t  250 kw and a t  500 k w ,  
r e spec t ive ly ,  t h e  parameters f o r  which a r e  summarized i n  Table 4.  
The e f f i c i e n c y  including solenoid power i s  somewhat higher  than t h a t  f o r  t h e  r e f e r -  
ence design. I t  i s  i.:ortii not ing t h a t  even with a  longer  t u b e , t l ~ e  e f f i c i e n c y  
increases  by about 2 2  poirlts due t o  lower incremental solenoid requirements a t  
higher  power. The s p e c i f i c  mass decreases froin about 0 .3  kg/kw a t  70 kw t~ l e s s  
t h i i n  0.3 k g j k w  a t  502 kw GK. Thus, i t  appears advan tageo~s  t o  cons ider  a  higher  
power k lys t ron  design should t he  vol tage  c o n s t r a i n t s  permi t i t .  
The cos t  of  a  s i n g l e  k lys t ron  tube i s  est imated from t h e  c o s t  t rends  i n  Figure 5 .  
For a  70 kw CW tube ,  the  mass production c o s t  i s  e s t i r n a t d  a t  $2800. The acquis f -  
t i o n  cos t  of  r . f .  tuSes and 10-year replacement c o s t  of  spa re s ,  based on a  pro jec ted  
t r anspo r t a t i on  c o s t  t o  space o f  $60 per  kg, f o r  a  sys t en  ou tpa t  o f  6 GW RF i n  sp3.o. 
a r e  sunlmarized in  Table 5. The t r anspo r t a t i on  c o s t s  ccinprise about 37 t o  62'1 o f  t h e  
t o t a l  c o s t .  Again, with t h e  assumptions m d e ,  S t  appears advantageous t o  go t o  a s  
high power per  tube ? s  poss ib le .  As t h e  ground-based development program proceeds, 
t he  r e s u l t s  o f  these traiie s t u d i e s  wi l l  bs used in  updating the  present  base l ine  
design,  not only f o r  t h e  klystron t r a n s m i t t e r  candida te ,  but  f o r  o t h e r  t r a n s ~ i t t s r s  
a s  we1 1 .  
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Figure 1 Referelice Klystro~l Configuration 
Table 1 Energy Balance in Reference Klystrorl Design 
2-SEGh4EMT 5-SEGMENT 
COLLECTOR COLLECTOR 
92.62 Kw 92.62 Kw 
I RF LOSS IN DRIVER CAVITIES .40 Kw .40 Kw I 
OUTPUT CAVITY RF LOSS 
OUTPUT INTERCEPTION  LOSS^ 
POLVER ENTERING COLLECTOR 
COLLECTOR RECOVERY 
TtiCRMAL LOSS IN  COLLECTOR 10.65 Kw 7.1 Xw 
NET BEAM POIVER 85.52 Kw 81.97 Kw 
EFFICIENCY EXC. SOLENOID 82.6% 86.2% 
81.2% 
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Table 3. Features Affecting Transniittcr Life 
BEAM FORMATIOY 
CATHODE MANUFACTURIF!G hlATERIAL PROCESSING 
EMISSION Sur 'Pr tEssIC~  FRO:.^ SURFACES 
CATliODE [IASE hlF,TiRlAL FUi ,  ITY -POISONING hlECHANlSM 
EVAPORATION RATES FfiOhl IRlPREGrJATED CATHODES 
HEATER KPRMCIP 
BURN.IN PkRIOD-NO INFANT :.lORTALITY 
BEAM FOCUSING 
SOLENCiD DESIGii:rAATERlALS-SPACE RAKEOUT FEASIBILITY AND CONfROL 
MAGNETIC CIRCUII P.1ATERIAL SELECTION SnlCo5.A&W3;-FLUXCONDUCTOR3 
RF CIRCUIT 
COPPER ALTFRNATIVES FOR CAVITIES 
PROPERTIES OF LOSSY Ir iTEfiNAL CERAVICS 
OUTPUT WINDO\V POWER LIMITS BEO, AX2O5 
BODY AND COLLECTOR 
LEAKAGE OF INSULATORS 
SUPPRESSION OF SECONDARY EMISSION 
EXTERNAL 
LEAD AND CONNECTOR COMPATlB lL lN  
ASSUMPTIONS 
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COLLECTOR 
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Table 4 Alternate High Power Klystron Designs 
TUBE WElGFiT CAVITY, SEALS. BODY 
ETC. - 1.2 \'-Vo 
COLLECTOR VIEIGHT (EST.) - VoIo 
SOLEGOID (ES_T.) O 300°C, 1 KGAUSS. 
P- B ~ X L " V V ,  Y, 
HEATER AND REFOCUSING COIL 
RF LOSSES 
RADIATOR AND HEAT PIPES 
25.3 33.6 19.2kw 47.3 72.0 35.6 
0 3OO0C 
9.9kw 16.7 32.1 34.1 33.8 64.9 69.0 
Q 5OO0C 
TOTAL WEIGHT KG 95.0 123.7 
SPECIFIC WEIGHT KG PER KW 
EFFICICtdCY INC. SOLENOID S0.51?6 






e SOLENOID FG?XJSING. FIVE STAGE COLLECTOR. 45% RECOVERY. 
~ - ~ ~ 
a, RF LOSSES AT I~~PUT.OUTPUT, PLUS 4:; INTER&PTION LOSS TOTAL 4.45% OF V,!,
% USEFUL RF OilTF'UT = .7;29 V,I 
e COLLECTOR THEHMAL qPSSIPATION = ,105 V,lo 
e COLLECTOR POY:ER i'(EC0VERED = .OEC;O V,Io 
e EFFICIENCY = 83.;:: EXCLIJDING S0LEI:OID 
e HEAT PIPES (110 h:ETER) + RADIATOf{ IVCIGHT ESTIhlATED O 2.@:11.3Zkg'kw 8 3C0°C iBC)DY AND SOLENOIDI 
5 0.94i.JSkg'kw @5GGQC ~CGLLECTOT~~ 
@ S BAND DES;GN WITH SOLENOID O -O^'. I D  = 3"00 = 4X" 
400 
I0 TUBES 












.Ol  I I I -I 
10 102 1 o3 I o4 1 05 106 
AVERAGE POL'iER, WATTS 
(C)  COST VAHIAT ION bVITt1 I'OWER LLVEL AND QUANTITY 
Figilrc. 6 Cost Trclltls in  Iligh i'owcr Ch' 7'1anstnittcrs 
Table S.  R F  Transmitter Acquisition & 10 Year Replacement Cost 
LEGEND 
CANDl DATE 
TRAMSPORT COST AT S 60:k.g TO ORBIT 
EXPONCNI IAL FAILURE RATE 
t.f'h3 FOCUSED KLYSTRCN 381tv 
PASSIVE COOLING 
2 .  EM TOCIJSED KLYSTRON 47kv 
NO CURN IN COSTS INCLUDED 3. LM f OCUSED KLYSTf3ON 65kv 
4. Chl TOCIISED KLYSTRON eOkv 
